I review new results on particles containing a charm or bottom quark, focusing on measurements that give insight into the dynamics of the decay process. Leptonic and semileptonic decays are the simplest modes, and they provide detailed tests of theoretical predictions based on methods such as lattice QCD, heavy quark e ective theory, and QCD sum rules. Although hadronic decays are much more complicated, the factorization hypothesis makes predictions that, at least for certain processes, are in accord with measurements. I also emphasize the importance of precise measurements of branching fractions for normalizing modes, whose uncertainties propagate into many other quantities. Rare hadronic decays are now becoming accessible to several experiments, and I discuss new results and their implications. Finally, I review b-hadron lifetime measurements, which are steadily improving in precision and which indicate a signi cant di erence between B-meson and b-baryon lifetimes.
Introduction
The weak decays of hadrons containing a charm (c) or bottom (b) quark provide insight into a broad range of questions in particle physics. The main issues are (1) decay dynamics, especially the e ect of strong interactions on the underlying weak decay; (2) the magnitudes of CabibboKobayashi-Maskawa (CKM) matrix elements; (3) the origin of CP violation; and (4) the physics of a host of rare processes, including avor-changing neutral current decays, which can probe physics beyond the standard model.
In this review, I focus primarily on measurements that help to shed light on the dynamics of heavy-avor decays. A detailed understanding of these processes is essential for determining the magnitudes of CKM elements. The physics of heavy-avor decays has also proved to be a fascinating subject in its own right, since new theoretical methods have been devised to exploit the large bottom and charm quark masses, leading to some remarkable predictions that can be tested by experiment.
Progressing from the simplest to the most complicated, I describe leptonic, semileptonic, and hadronic decays, including certain rare modes. Here, strong interaction e ects are quite important, but they are su ciently simple in many cases to allow detailed theoretical predictions that can be tested experimentally. Hadronic modes are the most di cult to describe, since strong interactions a ect both currents, and nal-state interactions can also come into play. However, factorization has proved to be a useful simplifying framework, at least in certain b ! c decays with large energy release, and I review some of the measurements that test this idea. I also summarize new results on hadronic rare decays and discuss the question of penguin contributions to nal states that are eigenstates of CP, which would complicate the interpretation of CP violation measurements. Finally, I review the status of b-hadron lifetime measurements, which also have important implications for our understanding of decay dynamics.
The use of semileptonic B decays and B 0 B 0 oscillations to extract CKM elements is covered at this conference by Lawrence Gibbons, 1 who also discusses the important recent observations of b ! u`? modes by CLEO. Processes involving avor-changing neutral currents are reviewed by Andrzej Buras. 2 Many of the theoretical issues related to heavy-avor dynamics are discussed by Guido Martinelli. 3 Rolf Landua 4 discusses the spectroscopy of heavy-avor hadrons. In addition, several recent articles review experimental 5;6 and theoretical 7;8;9;10 aspects of heavy-avor physics.
Leptonic Decays
In the leptonic decay of a charged meson M (also of mass M) the quark and antiquark annihilate into a virtual W; which then produces a charged lepton and a neutrino. In this decay, the effect of strong interactions can be parametrized by a single \decay constant," f 2 M / j (0)j 2 =M; where (0) is the amplitude for the quarks to have zero separation. For a pseudoscalar meson, the only available four-vector that can appear in the hadronic current is q , the four-momentum of the meson. The hadronic current is therefore given by < 0jJ jM >= ; (1) where m`is the lepton mass and the factor m 2 is a consequence of helicity suppresssion.
There is great interest in obtaining accurate measurements of decay constants partly because they can be compared with lattice QCD calculations, 3 which are becoming more reliable. In addition, decay constants are needed to extract certain CKM matrix elements. For example, the B 0 B 0 mixing rate is determined by M / f 2 B B B jV td j 2 , where f B is the B meson decay constant and B B is the bag constant.
Experimental study of leptonic decays of heavy-avor mesons has been di cult for two reasons. First, the leptonic width is small compared to the total width (unlike the case in K + decays), since f 2 M M ! constant for large M, whereas the total decay rate is proportional to M 5 . Second, the presence of a neutrino in the nal state makes reconstruction of the signal and rejection of background more di cult. The B + leptonic decay rate is CKM suppressed (/ jV ub j 2 ), putting it beyond the reach of current measurements. D + s leptonic decay, however, is CKM favored (/ jV cs j 2 ), and it has been measured by several experiments.
The most recent measurement of D + s ! + has been reported by Fermilab E653, 11 in which a 600 GeV/c ? beam is incident on an active emulsion target. Downstream of the target are 18 planes of silicon-strip detectors, a magnetic spectrometer, and a muon system. The signature for Table 1 . In addition to the E653 measurement, there are previous results from WA75, 12 CLEO II, 13 and BES. 14 Normalization of the signal within each experiment is an important issue. As I will discuss later, the absolute scale of the D + s branching fractions is not well known. I have renormalized all but the BES result (which is an absolute measurement) to the PDG 96 15 is the estimated uncertainty due to the quenched approximation.
Also 
Semileptonic Decays
A vast amount of information has been obtained on semileptonic decays of heavy avors. I will begin with a simple, physical picture of semileptonic decay dynamics 5 and then turn to measurements of exclusive decays, including detailed studies of form factors. Finally, I discuss the inclusive semileptonic branching fraction and its implications.
Dynamics of Semileptonic Decays
Semileptonic decays, because of their simplicity, provide an excellent laboratory in which to study the e ect of nonperturbative QCD interactons on the weak decay process. The matrix element can be written as the product of a leptonic current, which is exactly known, and a hadronic current, which can be parametrized in terms of form factors. The form factors are Lorentz-invariant functions that may be expressed in terms of q 2 ; the square of the mass of the virtual W.
Because semileptonic decays produce at least three nal-state particles, q 2 is a variable that ranges from q 2 min = m 2 (which is nearly zero for = e or`= ) to a maximum value q 2 max = (m B ?m X ) 2 ; where X is the nal-state hadron or hadronic system. The variation of the amplitude with q 2 is of great interest, since it probes the effects of strong interactions on the decay. In fact, q 2 determines the recoil velocity of the daughter hadron in the B rest frame:
which also shows that by measuring E X in the B rest frame, one can determine q 2 . This result is simply the two-body decay formula applied to a situation in which one of the particles has the variable mass p q 2 . Figure 2 shows a B meson before decay and two extreme decay con gurations. At the largest value of q 2 (w = 1), known as the zero-recoil con guration, the full energy of the B goes into the masses of the daughter hadron and the W; as shown in Figure 2(b) . The daughter hadron and the W are therefore produced at rest with respect to the B meson, and the lepton and neutrino are back to back. If both the initial and the daughter quarks are very heavy, the hadronic system is nearly undisturbed for con gurations at or near q 2 max : one static source of a color eld is simply replaced by another. Color magnetic moment effects, which are proportional to 1=m Q ; are absent in this limit, so the initial and nal quarks are completely equivalent. The overlap between the initial and nal hadron wave functions is therefore very large, leading to a small uncertainty in the transition form factor and consequently reliable predictions for the rate as a function of jV cb j. decays, where only one quark is heavy.
As q 2 decreases (and w increases), the lepton and neutrino become more collinear, and the daughter quark recoils at higher and higher velocity with respect to the spectator (Fig. 2(c) ). The rapidly moving daughter quark must exchange gluons with the spectator quark in order to form a bound state. The faster the daughter quark, the more this gluon exchange suppresses the form factors, and hence the amplitude. This interaction is nonperturbative, and methods such as lattice QCD or QCD sum rules have been used to calculate the q 2 dependence of the form factors. In general, a larger range of recoil velocities leads to a larger fallo in the decay form factors. For B ! D `? the range is a modest w = 0:5; whereas for B ! `? the range is w = 17:9; so the pion becomes very relativistic.
Thus, b ! c`? decays are more tractable theoretically, both because they have a fairly reliable normalization point at q 2 max and because the range of recoil velocities is relatively small.
To understand studies of semileptonic decay dynamics, it is important to know that for a decay of the form P ! P 0`? , where both P and P 0 are pseudoscalar mesons, there is only one operative 
These symmetry relations represent a major sim-pli cation, even though they do not tell us the form of (w). However, in the heavy-quark symmetry limit, there is one additional result, (1) = 1, which is the form factor normalization in the zero-recoil con guration.
In the real world, of course, the quark masses are not in nite, so these results cannot be exact. The heavy-quark symmetry limit is thus only the rst term in the HQET expansion in 1=m Q : In particular, the simple relations among the semileptonic decay form factors given above are somewhat modi ed. 7 In the framework of HQET, it is useful to construct quantities that have simple behavior in the heavy-quark symmetry limit. It is conventional to de ne 7 the form-factor ratios R 1 (w) 1 ?
and the HQET version of the A 1 form factor, called h A1 : These results are preliminary and are described in a paper submitted to this conference.)
The slope 2 A1 describes nonperturbative QCD physics and can only be calculated with methods such as lattice QCD or QCD sum rules, with typical values ranging from 0.5 to 1.0. It is closely re- In summary, we can say that R 1 (1) and R 2 (1) are quite consistent with HQET predictions (they are actually consistent with the heavy quark symmetry limit R 1 = R 2 = 1 itself), as are the rel- (8) where ? Had tion. 50 The sum of all these branching fractions is (9:38 0:65)%; about 1:2 lower than the inclusive semileptonic branching fraction. This comparison shows that a fairly large fraction of the semileptonic rate is accounted for. It is clear, however, the much work remains in improving the precision of the branching fraction measurements and, in particular, obtaining a detailed understanding of the B ! D `? modes and modes with non-resonant nal states. The semileptonic branching fraction is also of great interest because it tests our understanding of the hadronic rate. Although there are signi cant theoretical uncertainties due to quark masses and the renormalization scale, important progress has been made. The semileptonic branching fraction could also be sensitive to an anomalously large rate for b ! sg, which has been suggested by some theorists 51 take into account the correlated systematic error arising from common charm branching fractions. I have applied the same procedure to new data from Figure 9 compares the points (B SL ,n c (4S)) and (B Z SL , n Z c ) with the theoretical summary given in Buchalla et al. 58 . My view is that, given the size of the present experimental and theoretical uncertainties, we cannot state that there is or is not a problem in explaining the measured value of B SL .
There have already been substantial re nements in both experimental and theoretical analyses of this question, and it is important to continue these studies until the issue is resolved. The quoted uncertainty is signi cantly larger than before, but no theoretical assumptions are made.
Hadronic B Decays and Factorization
Hadronic decays are much more complicated than leptonic or semileptonic modes, because all of the fermions involved are quarks and can interact strongly. Although it is not possible to make precise predictions for hadronic decays, the factorization hypothesis provides a framework for understanding many of the observed features of twobody modes. In the factorization approach, one writes the decay amplitude as the product of two currents, in analogy to semileptonic decay. Factorization was discussed extensively at this conference by several experimentalists, 64;65;66 and these talks led to considerable discussion regarding the applicability and reliability of factorization in various decay processes. Here, I will only give an introduction to some of the experimental results related to this complex topic. and (2) long-distance, soft-gluon e ects, which are parametrized by decay constants and form factors.
In Fig. 12 (a) the ud system from the W decay is produced at a point, so that the appropriate meson decay constant, which measures the overlap of the quark anti-quark pair, parametrizes the amplitude to produce the meson. To be de nite, we take this meson to be a pion. The daughter charm quark recoiling at the lower W vertex, however, must bind together with the spectator quark. The physics of this process is very similar to the hadronic transition in semileptonic decay discussed earlier, and it is described by the appropriate form factor evaluated at q 2 = m 2 . Thus, for the external spectator diagram example, the non-perturbative QCD physics is described by the pion decay constant f and a \heavy-to-heavy" (B ! X c ) form factor F H (q 2 = m 2 ). For a 1 -type decays with large daughterhadron recoil velocity (i.e., decays at low q 2 ), one might expect factorization to be a good approximation from the following argument, due to Bjorken. 67 Thepair produced in the W decay is formed at a point as a color singlet, and, for low q 2 processes, the pair moves out of the decaying hadron at high velocity in a collinear fashion. Thus, the pair looks like a very small color dipole that gradually grows to the size of a meson. The pair will not form a meson, however, until it moves a distance c h , where h is a typical hadronization time in the rest frame, h 1 fm=c. This distance can be as large as 20 fm, much larger than the decaying meson, so that the pair can escape from the cloud of quarks and gluons without signi cantly interacting with it.
Consider now the internal spectator diagram, shown in Fig. 12 (11) Using measured branching fractions for hadronic B decays, one can extract the coe cients a 1 and a 2 arising from hard gluon e ects. This procedure requires knowledge of both decay constants and form factors. As discussed earlier, our knowledge of these quantities is far from perfect, especially in the case of the form factors for heavyto-light transitions. Compared with the state of our understanding of hadronic decays, however, form factor predictions might be regarded as reasonably trustworthy, but it is important to remember that there is more uncertainty in calculations made within the factorization framework than is often acknowledged. One approach to testing factorization is to compare the decay rate for a hadronic mode with the rate at the same value of q 2 for a semileptonic decay. For B ! D ( ) P decays, where P is a pseudoscalar meson, one can de ne 68 (12) where X ( ) P is the ratio of form factors for the hadronic to the semileptonic decay. (This ratio is de ned in Neubert et al. 68 In most cases, X ( ) P is approximately equal to one. However, the semileptonic decay form factor that becomes important only for large lepton mass is the one that enters into the hadronic decay, so there can be some subtleties here.)
The upper line of Eq. 12 can be evaluated from experiment, while the lower line can be calculated from theory, the comparison giving a test of whether factorization is valid. The constant a 1 can be calculated from QCD: a 1 = c 1 +c 2 =3 1:0, where c 1 and c 2 are calculated using the renormalization group equation. However, I prefer to use Eq. 12 to extract a 1 for di erent decay modes and then to check whether the resulting values are consistent. Table 6 shows the values of a 1 for a set of B 0 decay modes that can be compared with Although factorization is on a less secure footing for color-suppressed processes, there is great interest in the ratio a 2 =a 1 , whose sign manifests itself in the interference term in B ? decays. The magnitude of a 2 can also be determined from color-suppressed B 0 decays, such as B 0 ! J= K 0( ) . Skwarnicki 66 Figure 13 shows the invariant mass spectrum from DELPHI for candidate two-and three-prong events. ALEPH 73 also presented results from a search for rare hadronic decays; they nd four sig- 
There is more consensus on (B s )= (B 0 ), which is expected to be unity up to corrections of order 1%.
Theoretical estimates for b = B 0 are typically in the range 0.9 to 1.0. Lifetime measurements can be grouped into three broad categories, corresponding to the use of semileptonic decays, fully reconstructed hadronic decays, and inclusive methods such as topological vertexing. The main advantages of using semileptonic decays, such as B ! D ( )`? (X) ; are the large branching fractions, the presence of the lepton, and good vertex determination. There are, however, signi cant disadvantages. Because there is always at least one missing particle, the neutrino, it is generally not possible to reconstruct a B mass peak. As a consequence, it can be dif- The second method for determining bhadron lifetimes uses fully reconstructed, exclusive hadronic decays, and the analyses are usually much simpler than those using semileptonic modes. A b-hadron mass peak is observed, whose sidebands can be used to study the lifetime distribtion of the background. Since all particles are observed, the decay vertex and the b hadron momentum are well determined, and the conversion to proper lifetime is very straightforward. The only disadvantage is that the event samples are typically smaller than those for semileptonic decay. In hadron colliders, however, a su ciently This cut is not actually used for the lifetime t, but it demonstrates that the background is concentrated at short proper lifetimes. Figure 17 83 Their averages take into account the many sources of correlated experimental error, such as assumed fragmentation models, decay models, and branching fractions. To compare the B 0 and B ? lifetimes, it is best to calculate the lifetime ratio for each experiment, so that many systematics cancel, and then to compute the average of the individual lifetime ratios. This average is (B ? )= (B 0 ) = 1:04 0:04; (17) consistent with unity. Figure 20 86 The measured values of b-baryon lifetimes are systematically lower than those for B mesons.
These analyses, which are described in more detail in the talk by Peter Rato 87 , are performed This ratio is di cult to accomodate in calculations based on the 1=m Q expansion, which predict a value in the range 0.9 to 1.0. 
Conclusions
The combination of new measurements and new theoretical methods is transforming the subject of heavy-avor dynamics. For many such processes, we have much more than a qualitative understanding: detailed, quantitative comparisons between theory and experiment have been performed, and the results are quite encouraging. In particular, there has been substantial progress on decay constants and semileptonic decay form factors. Quantities related to the hadronic rate, such as the inclusive semileptonic branching fraction, n c , and b- to understand and have produced some intriguing puzzles. With the intensive e ort underway at several laboratories, there is every reason to expect that these questions can be explored in great detail, and that many new ones will arise as rare decay modes become more accessible.
